ABSTRACT: Ninety-two swine averaging 104 * 4.5 kg and 99 cold carcasses averaging 75 * 3.1 kg were measured with a four-terminal plethysmograph. Pigs were transported to the abattoir, fasted 4 h, weighed, and measured for body resistance (Rs, Q), body reactance [xc, Q), and distance (L, cml between detector terminals that were located along the dorsal axis of the animal. Pigs were slaughtered 12 h later, carcasses were chilled for 24 h, then weighed (whole carcasses and side carcasses), and cold carcass Rs, Xc, and L measurements were obtained. The right side of the carcass was ground twice, and a l-kg sample was frozen for later analyses of fat, ash, N, and moisture. Fat-free mass (FFM, kg) was calculated from weight and percentage of fat. Regression analyses were used to develop equations for estimating FFM on a live, adjusted live, whole carcass, and half-carcass basis. Live BW, Rs, and L accounted for the majority of the variation in FFM. Adjusting live BW for head, viscera, and blood weight increased the explained variation for live BW and decreased the variation accounted by Rs. Multiple regression models involving Rs, L, Xc, and weight accounted for 82,84, and 84% of the variation for FFM expressed on a live, adjusted live, and cold carcass basis, respectively. Results from this study indicate that bioelectrical impedance has excellent potential as a rapid, nondestructive method for estimation of FFM for market swine and pork carcasses.
Introduction
stated that the ideal technique for measurement of body composition should be accurate, easily accomplished, inexpensive, applicable to a wide range of ages and compositions, and capable of being applied to the live animal with minimal perturbation of ' Published with the approval of the director of the North Dakota Agric. Exp. Sta. as Journal Article no. 1924. 2Appreciation is extended to Rudy Liedke, Rn, Systems, constant alternating current as it is passed through a biological mass. Evaluation of the bioelectrical impedance approach in swine has not been reported. The objective of this study was to develop a procedure using the BIA to predict body composition (FFM) of live swine and pork carcasses.
Materials and Methods
Apparatus. The four-terminal plethysmograph (BIA; Model BIA-101, RJL Systems, Detroit, MI) introduces a constant alternating current that provides a deep homogenous electrical field in the body. A constant alternating current of 800 pA at 50 kHz is introduced into the body via transmitter terminals and is received by detector terminals (Lukaski et al., 1985) . The conductance or resistance is dependent on the geometric configuration, volume of the biological conductor, signal strength, and frequency of the applied current. Assuming a relative constant geometry for all pigs and using a constant alternating electrical signal, resistance (Rs, Q), reactance Cyc, SU, or impedance (Rs2 + X C~I .~ would be dependent on the electrical potential of the mass.
Numerous equations exist to determine the conductivity of a substance based on Ohm's Law, which provides a relationship between voltage 0, current (I), and resistance (Rs) for a direct current (Rs = V/Il. For an alternating current, resistance is replaced with impedance (Z) and calculated as Z = (Rs2 + X C~) .~, where Xc is the reactance of a conductor. If Xc is small relative to Rs, then Rs is approximately equal to Z. Theoretically, the relationship for volume and impedance may be described through a series of substitution equations for a conductor as Rs = pL/A, where L is length, A is the cross-sectional area, and p is the volume resistivity of the conductor (Serway and Faughn, 1989) . Lukaski et al. (1985) explained the mathematical process to determine the volume of an object by the following equation: Vol = pL2/ Rs, where Vol = volume, Rs = resistance, p = resistivity constant, and L = length. The volume for a direct current was designated t18 Voll = L2/Rs, and the alternating current as V012 = L2/(Rs2 + Xc2)s5. These values were then evaluated for their ability to assess body composition of live swine or pork carcasses on a FFM basis.
Live Pigs. Reference terminal locations and repeatability of resistance and reactance using the BIA were determined on four market swine restrained in a portable chute. The portable chute had a mechanism that lifted the pig off its feet with minimal perturbation.
Two easily identifiable reference points for terminal locations were the anterior baseline of the ear and the base of the tail, approximately over the second caudal vertebra (Figure 1 ). Tetrapolar terminals were placed along the dorsal midline. The anterior pair was placed 10 and 20 cm caudal from the cranial reference point. The posterior pair was placed at the second caudal vertebra and 10 cm cranial from that point. The second caudal vertebra can be easily seen and felt as an indentation located approximately 2 cm anterior along the midline from the tail base. These locations positioned the terminals at the two main distal regions of soft tissue.
Hair was shaved from these areas to test two Rutherford, NJ). The vacutainer needle proved to be the more practical electrode of the two. The foil tape failed to adhere to the shaven area even after it had been thoroughly cleansed. The needles serving as electrodes accomplished several tasks: 1) they remained in the animal even during mild perturbation 2) they eliminated the need to shave the reference points and provided an area where the connecting clips of the BIA leads could easily be attached and removed; 3) they allowed a constant electrode penetration depth into the pig to reduce variation in surface contact, and 41 the use of needles allowed an uninterrupted penetration of the signal into the animal. Backfat depth is variable among pigs and decreases caudally along the dorsal midline; thus, the shorter end (1.5 cml of the vacutainer needle was inserted into the pig to minimize any discomfort. Length (L, cml between the detector electrodes was measured with a flexible steel tape. The procedure required approximately 5 min for one person to obtain readings and about 2 min when additional help was present. Impedance and length measurements were taken at hourly intervals for 3 h as a determination of repeatability. Electrodes were removed and the pigs returned to their pen after hourly measurements were recorded. Regression analyses indicated that Rs (P = .94), Xc (P = 371, and L (P = .99) measurements within pig were highly repeatable over the 3-h period. Ninety-two crossbred (Duroc x Yorkshire) pigs from the University research herd and their cold carcasses were measured to establish a database for initiating prediction equations for this procedure. Seven additional carcasses (99 total) were included in the database for cold carcass measurements. Live readings were not obtained on the seven live pigs because of broken terminal leads. Pigs were transported 4.8 k m to the campus abattoir between 1300 and 1600 and fasted for 4 h.
Water was available ad libitum. Pigs were weighed (LWt, kgl at the abattoir and measured for whole body Rs, Xc, and L (Figure 11 . The animals were slaughtered approximately 12 h later. The carcasses were scalded, heads and viscera were removed, and the hot carcasses were split and chilled (0°C) for 24 h.
Cold Carcasses. The right side of the chilled carcass was weighed and measured for carcass Rs, Xc, and L between the detector electrodes while it was suspended on a steel rail. Vacutainer needles were used as electrodes and were inserted at the reference points indicated in Figure  2 . For the carcass readings, the 2.5-cm portion of the needle was inserted fully to the hub and the terminal leads were attached to the 1.5-cm portion of the needle. Electrodes were placed on the external side of the carcass. The two standard reference points were the cranial edge of the aitch bone and the cranial edge of the first rib. By sighting across the carcass and measuring 20 cm perpendicular from the dorsal edge of the carcass, transmitter elmtrodes were placed exterior to the aitch bone a r d the frst rib, which are in two of the most heavily muscled areas of the carcass (Figure 2) . The transmitter electrodes were inserted 10 cm caudal lin the ham region) and 10 cm cranial (shoulder regionl from the respective detector electrodes. This procedure took approximately 3 min for one person to perform.
Impedance measurements were taken on carcasses electrically grounded and insulated from the rail by suspending the calcass with a nylon rope and rubber hose. Carcass contact with the rail did not influence these measurements. Ribbing the loin at the 10th rib produced different The Hobart Manufacturing Co., Troy, OH) for approximately 3 min, and a 1-kg sample was frozen (-20°C) for subsequent laboratory analysis. Samples were analyzed for moisture, lyophilized, and analyzed in duplicate for fat [Foss-let method), nitrogen, and ash (AOAC, 1984) .
Body composition was divided into the twocompartment model of fat mass (FM) and FFM as described by Lukaski (1987 
Stutislical Procedures. The data were analyzed by stepwise regression using SAS (1985) to determine the relationships between FFM and the impedance measurements. Live swine impedance
measurements and LWt or A-Wt were used to determine their relationships to FFMEve or FFMdj. Fat-free mass was analyzed by two methods for the pork carcasses. First, single-side impedance measurements and S-Wt were analyzed to determine their relationship to FFM,. The second method related the single-side impedance measurements and analyzed percentage fat of the side back to the whole carcass. Impedance measurements were not taken on the intact, whole carcass. Single-side carcass impedance measurements and total cold carcass weight were used to determine FFM,. Mallows' C, (Mallows, 1973 ) statistic provides a quantitative indicator of possible bias in the model and was used to determine the number of independent variables regressed for the prediction of FFM.
Results
The physical and calculated characteristics for the live pig (n = 92) and the cold carcass (n = 99) are summarized in Table 1 . The emphasis of this and 11 times higher than the live pig measurements. The higher impedance readings of the cold carcasses were expected because of rigor mortis, the drastic decrease in extracellular and body fluids during slaughtering and chilling, and the fact that conductance (1 /resistance) decreases proportionally with temperature (Serway and Faughn, 1989) .
Correlation coefficients (rl are presented in Table 3 are the correlation coefficients for the whole carcass and single sides.
Trends similar to those found for the live pig were observed for the cold carcass. Resistance was moderately correlated with Voll and Volz (r = -.55 and -.54, respectively). Length was correlated to VolI and V012 (r = .71, respectively) at a slightly higher value than that observed for the live pig.
Carcass Rs with Xc were moderately correlated [r = .431 vs a nonsignificant correlation (r = .121 of Rs with Xc for the live pig. Correlation coefficients for Voll and Volz when calculated on a fat percentage basis were higher than when calculated on a weight basis. Correlation coefficients were greater than .76 for Voll and V012 when compared to FFM, and FFM,.
The correlation coefficient between Voll and Vo12 was 1.00 for both the live animal and cold carcass; therefore, Vol2 was dropped from the list of variables investigated in further analyses. R square and Mallows' C, statistics were used to determine which variables accounted for the greatest proportions of variation in FFM ( for FFMLi,,. The statistic approached the number of independent variables used in the analysis and indicated that the model with the smallest residual variance was the more appropriate model to predict FFM on a live basis MacNeil, 1983). Adjustment of LWt for head, viscera, and blood increased R2 by 2.8% and decreased 9 by 34% for FFM on a live basis. Table 5 presents the R2, 9, and C, for FFM on a cold carcass (whole carcass and single side) basis. The patterns of response for carcass analyses followed that of the live animal. The individual variables Rs, L, or Voll explained a higher degree of variation based on carcass data than did the live measurements.
The model including Rs and L provided 6 and 8% greater accountability of variance than Voll for FFM, and FFM,, respectively. The C, decreased from 39 (variables CCWt, Rs, and L) to 12 (CCWt, Rs, L, and Xc) with the inclusion of Xc, which supports the use of Xc to predict FFM on a whole-carcass basis as described by MacNeil The prediction equations of FFM for the live pig are presented in Table 6 and cold carcass equations are presented in Table 7 . The equations are displayed in descending order in reference to R2. The best predictors of FFM in all categories were the subset of the variables weight, length, resistance, and reactance. Replacement of Voll (Equation 3) with L and Rs Equation l in Tables 6 and 71 resulted in a higher R2. Although Xc explained very little of the variation in FFM as an individual variable, when combined with weight, Rs, and L, Xc increased R2 by 2 to 6% for FFM. A l l equations for their respective FFM had SE of the estimate less than 2.5%.
Discussion
Assuming a constant geometry, the conductance of an electrical current through an organism is dependent on composition. Intra-and extracellular fluids, electrolytes, and minerals act as conductors and make up a large percentage of the lean tissues in the body. Cell membranes behave as capacitors, resisting the current until a threshold is reached before allowing passage of the current. Fat acts as an insulator and prevents or resists carrying an applied electrical current. Lukaski et al. (1985) evaluated bioelectrical impedance methodology using a BIA vs total body water mBW and 40potassium RBK) to determine FFM of humans. Resistance values from the plethysmograph and the height (Ht) of the subject were used to predict FFM, and correlations Ohm's law can explain a larger percentage of the variation in FFM; however, a simple multiple regression using weight, length, resistance, and reactance (Tables 6 and 7, Equation 1) produced better estimates of FFM in live swine and pork carcasses than did L2/Rs Noli).
The BIA procedure resulted in estimates comparable to those derived for carcass lean from direct measurements of the longissimus muscle area, backfat depth, and carcass weights IR2 = .81; Forrest et al., 1989) . Although the BIA equations do not predict FFM as accurately as those used with TOBEC (R2 = .89; Forrest et al., 19891, the procedure is rapid and applicable to both the live pig and the cold carcass.
Implications
These results indicate that the use of bioelectrical impedance has excellent potential as a rapid, nondestructive procedure of the prediction of fatfree mass for the live pig and the chilled pork carcass. Cross-validation studies are needed to substantiate the predictability of the procedure for live pigs with variable ancestry and under various environmental and nutritional regimens and for carcasses in various conditions in abattoirs. The determination of fat-free mass does not necessarily imply an estimation of carcass value. Further studies with bioelectrical impedance procedures are needed to validate their potential application in determining payment schedules for carcass merit programs. 
